The origin of within-subject variability in perceptual experiments is poorly understood. We here review evidence that baseline brain activity in the areas involved in sensory perception predict subsequent variations in sensory awareness. We place these findings in light of recent findings on the archi- 
INTRODUCTION
In perceptual experiments, within-subject variability in perception is commonly observed across multiple presentations of the same stimuli [Sergent et al., 2005] . In parallel, trial-to-trial variability in event-related BOLD responses magnitude has been shown to be relevant to human perception and behavior [Fox et al., 2006] . In many cases, this inter-trial inconsistency cannot be attributed to the variability in stimuli [Pessoa et al., 2002; Pessoa and Padmala, 2005; Ress and Heeger, 2003] . Despite its demonstrated relevance for human behavior, the sources of these eventrelated BOLD responses (and related perception) variability are only partially understood [Dehaene and Changeux, 2005; Fox et al., 2006] .
We recently made the hypothesis that variability in perception of identical stimuli could be due to differences in prestimulus baseline brain activity, in areas related to stimulus perception [Boly et al., 2007] . We will here review this work, beginning with summarizing the existing knowledge about neural correlates of self and external awareness. After reviewing data suggesting the presence of spontaneous neural activity fluctuations in the areas involved in the genesis of awareness, we will discuss our results suggesting that spatially-specific differences in baseline brain activity influence subsequent external stimulus perception. We will finally mention possible sources of these baseline brain activity fluctuations.
NEURAL CORRELATES OF CONSCIOUS PERCEPTION
Consciousness is a multifaceted concept, which can be divided in two main components-arousal, or the level of consciousness, and awareness-or the contents of consciousness. Usually, arousal and awareness are positively correlated: when your arousal decreases, so does your awareness [Laureys, 2005] . A recent effort has been made in identifying the neural correlates of awareness. In particular, a contrastive approach has been extensively used in neuroimaging studies, comparing states of physiological or pathological unawareness to normal awake state in healthy volunteers. The common finding of these studies is that a widespread frontoparietal associative network, both on lateral and midline sides show a consistent functional impairment in various altered states of consciousness like sleep, coma, general anaesthesia, generalized seizures [Baars et al., 2003 ]. These areas also show a consistent impairment in dissociated unconsciousness states, where awareness is absent while arousal is preserved, encompassing the vegetative state, absence seizures, complex partial seizures, and somnambulism [Laureys, 2005] . These results emphasize the role of frontoparietal network in the genesis of awareness, and are in line with the global workspace theory as proposed by Baars et al. [2003] (see Fig. 1 ).
In turn, awareness can be divided in two componentsself awareness and external awareness. External awareness has to date been extensively studied in the human brain, especially in the visual domain. Recent reviews suggest that necessary and sufficient conditions to elicit conscious sensory perception would be the combination of a distributed representation of the perceptual scene in specialized sensory areas, plus lateral parietal, and frontal associative cortices activity [Rees, 2007] . In this view, the presence of external awareness would be linked to the activation of lateral fronto-parietal areas, while neural activity in early sensory areas would determine the contents of external awareness per se.
Neural correlates of self awareness are to date much less understood. Several authors have linked self-referential processes with the absence of task or so-called ''restingstate'' brain activity [Baars et al., 2003; Mazoyer et al., 2001] . This view came from the curious finding of consistent activity decreases in a unique set of areas during goaldirected tasks compared to a passive resting baseline [Shulman et al., 1997] . This ''default network'' [Gusnard and Raichle, 2001 ] encompasses bilateral posterior cingulate/precuneus, mesiofrontal cortices, and temporo-parietal junctions (and for some authors inferior temporal cortices and parahippocampal gyri). These regions were further implicated in task-independent thoughts [McKiernan et al., 2006] and various aspects of self-referential processing [Fox et al., 2005] . Although it is currently regarded that self and environmental consciousness share different brain processes, the relationships between self and environment awareness and their related neural mechanisms are yet poorly characterized.
BASELINE ACTIVITY FLUCTUATIONS IN SELF AND EXTERNAL AWARENESS NETWORKS
Even in the absence of sensory inputs, structured patterns of ongoing spontaneous activity can be observed in cortical and thalamic neurons [Dehaene and Changeux, 2005] . Spontaneous brain activity has been shown to be characterized by the coalescence of different brain rhythms-ranging from very slow to very fast frequencies. In parallel, recent functional magnetic resonance imaging (fMRI) studies have identified spontaneous fluctuations in neural activity in the resting human brain. Slow blood oxy- Two components of awareness. In healthy awake volunteers as in disorders of consciousness studies, awareness has been related to the activity of a widespread frontoparietal associative network, both on the convexity and the midline. These findings are in line with the ''global workspace'' theory of consciousness. Awareness can in turn be divided in two main components, external and self awareness. Similarly, the awareness related frontoparietal network can be partitioned in two nonoverlapping subsystems, involved in processing the self and external-related components of awareness. At present, the relationships between self and external awareness remain poorly understood. Upper image adapted from [Laureys, 2005] , represents statistically significant hypometabolic areas as measured by FDG-PET in the vegetative state as compared with conscious waking. Lower images are adapted from [Boly et al., 2007] , showing the default network (in blue) and the lateral frontoparietal network (in red) as identified in this study by fMRI. The color code refers to voxel-wise T values, ranging respectively from red to yellow or from blue to white.
r Cerebral Baseline Activity Fluctuations r r 869 r gen level dependent (BOLD) fluctuations (in the range of 0.01-0.1 Hz) are not random but coherent within specific neuroanatomical systems , including sensory systems, and self and external awareness networks. Spontaneous BOLD signal fluctuations may also be linked to infra-slow electrophysiological oscillations as observed by direct current electro-encephalography, which were suggested to possibly modulate ongoing cortical excitability [Vanhatalo et al., 2004] .
In parallel, other resting-state fMRI studies have shown anticorrelated patterns of spontaneous fluctuations, in regions with apparent opposing functionality. In particular, two independent groups [Fox et al., 2005; Fransson, 2005] recently showed that even in the absence of any task or behavior, in the so called ''conscious resting state'' of the human brain, two sets of areas very similar to self and external awareness networks show a pattern of anticorrelated activity. Another recent fMRI study showed that auditory, visual and somatosensory systems exhibited significant negative correlation with self awareness or ''default mode'' network during the awake resting state [Tian et al., 2007] . The functional significance of these slow neural activity fluctuations remain only partly understood.
These studies show that even in the absence of any task or sensory stimulation, the activity in the areas involved in self and external awareness is not constant, but continuously fluctuates. The frequential characteristics of spontaneous BOLD oscillations were furthermore reported to be the same as those observed in human behavioral variability . In the work reviewed below, we hypothesized that such slow baseline brain activity fluctuations in areas involved in perception would be likely to influence subsequent sensory stimulus perception.
BASELINE BRAIN ACTIVITY FLUCTUATIONS PREDICT CONSCIOUS PERCEPTION
As previously noted, the origin of intra-subject variability in perceptual experiments remains poorly understood. The aim of our study [Boly et al., 2007] was to test whether differences in prestimulus baseline brain activity could predict subsequent differences in subjective perception of external stimuli. We tested this hypothesis using an event-related thulium-YAG laser fMRI paradigm, assessing somatosensory perception (contrasting perceived versus unperceived identical stimuli) and pain-intensity perception (contrasting identical stimuli perceived as more or less painful). Therefore, subjects received laser stimuli on the dorsum of their left hand. After each stimulus, subjects rated their sensory perception on a five point scale: P0, no stimulus perceived; P1, warm but not painful sensation; P2, P3, and P4, increasingly painful sensations. P2 was defined as mild pain, P4 as very painful. P3 was defined as an intermediate pain between P2 and P3. Stimuli were afterwards matched for their intensity in unperceived (P0 score) versus perceived (P1 score) conditions, and comparing two pain levels (P2 and P3 scores). Our main analysis looked for areas in which differences in brain activity shortly before the presentation of the stimuli (i.e., 3 s) could predict changes in subsequent stimulus perception, i.e., in stimulus awareness for the sensory range, or in pain intensity level for the painful range of intensities. We empirically chose to investigate baseline brain activity at a delay of 3 s before the onset of the stimulus, for reasons of haemodynamic physiology [Henson, 2003] and according to the time scale of spontaneous slow brain fluctuations (below 0.1 Hz) observed in previous resting-state fMRI studies [Cordes et al., 2001; Fox et al., 2005] .
Our first important finding was that conscious perception of near-threshold sensory stimuli was predicted by increased baseline neural activity in lateral fronto-parietal network, 3 s before stimulus occurrence. This finding emphasizes the importance of fronto-parietal cortices activity in sensory awareness. Our results can also be related to the preferential metabolic impairment of higher order fronto-parietal regions, compared to the relative preservation of primary sensory cortices, in various states of altered consciousness [Laureys et al., 2004] . On the other hand, we also showed a facilitatory effect of high baseline activity in medial thalamus on external stimulus perception. This area has repeatedly been reported to be the interface between alertness and cognition in humans [Foucher et al., 2004; Kinomura et al., 1996] . These results are in line with a recently proposed model of external awareness [Dehaene and Changeux, 2005] , predicting a facilitatory effect of an arousal-related increase in regional spontaneous activity on external stimuli processing.
Conversely, we showed that sensory stimuli were predicted to be unperceived when preceding baseline activity is increased in self awareness network. These results might reflect a competition between conscious access to external stimuli and self-referential processes. In other words, if the activity 3 s prior to stimulation in the lateral fronto-parietal network is high, the subject is in a state of high receptivity to the external world leading to higher chances of perception of the applied low intensity laser stimuli. Inversely, if the activity is high 3 s prior to stimulation in self awareness network, the subject is putatively more likely to be in a state of higher introspection or self-oriented thoughts, and will have fewer chances to subsequently report the stimuli as consciously perceived. Our findings go against a widespread idea in theories of subjective awareness positing a self-related ''observer'' function as an essential component without which awareness can not emerge [Baars et al., 2003] . In line with a recent study on sensorimotor processing [Goldberg et al., 2006] , these results suggest that self-related processes are not necessarily engaged in sensory awareness. In contrast to this view, they would rather be in competition with external stimulus perception.
Finally, with regard to pain, we showed that enhanced activity in bilateral insula and the posterior part of anterior cingulate cortex (part of the so-called ''pain matrix'') prior r Boly et al. r r 870 r to high intensity laser stimuli predicts these stimuli to be scored as more painful. In other words, if the baseline cerebral activity in the pain-related anterior cingulate cortex and insula is high prior to noxious stimulation, the subject is in a state of high receptivity to pain and is more likely to experience intensity-matched laser stimuli as highly painful. On the contrary, low baseline activity in pain matrix decreases the likelihood to rate stimuli as painful. Our results pertain to findings in chronic pain patients [Hsieh et al., 1995] , as well as previous findings by our and other laboratories on nonpharmacological cognitive modulation of pain during the hypnotic state [Kupers et al., 2005] . Figure 2 shows mean group peristimulus time histograms of baseline activity in regions detected as presenting predictive brain signals to stimulus perception, illustrating that in these areas, BOLD signal behave differently before the occurrence of the stimulus. In fact, a complementary analysis ( Table I) showed us that the part of the baseline haemodynamic response function that is orthogonal to the BOLD response to the following stimulus was sufficient to explain our main results, both for stimulus awareness and for pain intensity perception. These data reinforce the evidence that our results originate from modifications in baseline brain activity before the presentation of stimuli, independently of stimuli presentation per se. According to Sapir et al. [2005] and Raichle and Gusnard [2005] , the presence of endogenous predictive signals is the strongest evidence that can be obtained using correlational methods, for a causal link between neural activity and perception or behavior.
As a whole, our results thus show that stimulus-unrelated, spontaneous baseline brain activity fluctuations in self and external awareness networks are likely to profoundly modify our conscious perception of the external world [Boly et al., 2007] . The source of spontaneous baseline brain activity fluctuations, observed in our study as in resting state fMRI experiments, remains to be assessed. We will next discuss possible sources of such spontaneous brain activity fluctuations. [Boly et al., 2007) . (C and D) Graphical illustration of mean group peristimulus time histograms extracted from peak areas of significance for stimulus awareness contrasts, using a finite impulse response model approach as implemented in SPM2. Results are mean effect sizes (arbitrary units) with 95% confidence intervals. In intraparietal sulcus, baseline BOLD signal before the occurrence of the stimulus presentation (blue line) is higher for events that will be perceived (P1 scores, in green) as compared to events that will be unperceived (P0 scores, in red). An inverse response shape is observed in lateral temporoparietal junction.
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SOURCES OF BRAIN ACTIVITY BASELINE FLUCTUATIONS
Because of the intrinsic temporal smoothing inherent to BOLD haemodynamic response function, our fMRI analysis necessarily focused on relatively slow baseline brain activity fluctuations. MEG studies also showed prestimulus baseline changes related to perception [Linkenkaer-Hansen et al., 2004; Palva et al., 2005] in a higher frequency range. Our study was not designed to identify the source of baseline brain activity fluctuations observed, which remains to be assessed in future experiments. We here discuss possible origins of these fluctuations.
A first possible source of the baseline brain activity fluctuations we observed in our study could be fluctuations of the arousal level of our subjects throughout the experiment. As reported above, high medial thalamus activity predicts intensity-matched stimuli to be perceived. Medial thalamus is known to be involved in vigilance and alertness [Kinomura et al., 1996; Portas et al., 1998 ]. This area has also been involved in attentional effects varying with the level of arousal [Coull et al., 2004] . In parallel, a sleep deprivation study in healthy volunteers showed that increases in alertness is also associated with increased regional metabolism in bilateral fronto-parieto-cingulate cortices [Thomas et al., 2000] , both on the convexity and the midline. This vigilance-related effect could thus potentially explain the facilitatory effect of thalamus and lateral frontoparietal network activity on perception. However, the facilitatory effect of decreased baseline default network activity on stimulus perception cannot be explained by vigilance modifications, since as for the lateral frontoparietal areas, activity in the default network is likely to increase in parallel with the subjects' arousal level [Thomas et al., 2000] .
A second possible source of slow neural activity fluctuations would be spontaneous changes in selective attention. Our results demonstrate that high lateral fronto-parietal activity predicts increases in chances of perception of somatosensory stimuli. These findings are in line with a number of studies showing enhanced lateral fronto-parietal activity during increased visual attention (e.g., [Buschman and Miller, 2007; Weissman et al., 2006] ). Our findings could thus possibly be interpreted to reflect attentional fluctuations in a stimulus-awareness related network preceding stimulus presentation. On the other hand, several studies have shown that as attentional demands in cognitive tasks are increased, activity in the default system is decreased [McKiernan et al., 2003; Weissman et al., 2006] , suggesting that spontaneous modifications in attention could explain our current findings. Finally, attention to pain has also been shown to increase BOLD signal in the pain matrix encompassing the anterior cingulate cortex and insula [Koyama et al., 2005] .
Alternatively, several fMRI studies recently identified structured patterns of spontaneous neural activity fluctuations despite the absence of awareness in the primate brain. In particular, a recent study demonstrated the preservation of coherent BOLD fluctuations in deeply anesthetized macaque monkeys [Vincent et al., 2007] . Correlations among brain regions involved with the default-mode network were also shown to persist during light sleep [Horovitz et al., in press] . These results suggest that spontaneous resting-state BOLD fluctuations are an aspect of brain functional organization that may transcend levels of con- Brain areas where the part of the baseline haemodynamic response function orthogonal to the BOLD response related to stimulus presentation show a significant difference depending on subsequent stimulus perception. Results are reported at uncorrected P-value, and at P-values corrected for multiple comparisons in a 10 mm-radius small volumes of interest centered on a priori coordinates from (Boly, et al. 2007 ). This analysis confirms a significant (corrected P < 0.05) predictor effect of baseline brain activity of fronto-parieto-cingulate cortices on conscious stimuli perception. Though a similar trend was observed for default network areas, results did not reach statistical significance. Our results also confirm a significant predictor effect of pain-related anterior cingulate cortex baseline activity on pain intensity perception. Coordinates are defined in Montreal National Institute space.
r Boly et al. r r 872 r sciousness. As the brain is a complex system of interacting units, it is bound to oscillate and thus to have self-organizing connectivity patterns emerging spontaneously which temporally link neurons into assemblies. Even if at least part of these oscillations do not correspond to the presence of a conscious content, they are thought to be functionally relevant and have been potentially associated with input selection, synaptic plasticity, temporal representation, and long-term consolidation of information [Buzsaki and Draguhn, 2004] .
CONCLUSION
Though the neural correlates of external awareness begin to be better understood, much less is known about self awareness and its relationships with environmental perception. On the other hand, even in the absence of cognitive tasks or sensory stimulation, baseline brain activity in the areas involved in the genesis of conscious perception continuously fluctuates in the human brain. We showed that these baseline brain activity fluctuations are likely to profoundly modify our perception of the external world. Moreover, our data suggest that self and external awareness are not concurrent; they would rather be in competition during the process of sensory perception. Taken as a whole, these data suggest that baseline brain activity fluctuations are likely to shape the contents of our ongoing ''stream of consciousness'' in a decisive manner. However, the origin and physiology of these fluctuations remains a mystery, and will be the subject of future studies.
